A critical challenge for biomarking, based on luminescent materials, has been the development of nano structures with highly visible or characteristic near infrared emissions for precise imaging, combined with nanoscale cavities for drug storage and delivery. The design of such materials requires complex nanostructures that have both the intense emissions and appropriate storage geometries. We report here a scheme for the use of novel nanostructures designed to satisfy both of these important requirements. Hypodermal and in vivo organic imaging from quantum dot conjugated carbon nanotubes has been realized in mice for the first time. The coupling of quantum dots on carbon nanotubes was materialized based on a novel plasma nanotube surface polymerization. The quantum dot activated carbon nanotubes exhibited intense visible light emissions in both fluorescent spectroscopy and in vivo imaging. These experimental results can be extended to the development of new techniques for early cancer diagnosis.
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There is an increasing need for the early detection of cancer, prior to the detection of anatomic anomalies. Thus, a major challenge in cancer diagnosis is to locally biomark cancer cells for maximum therapeutic benefit. [1, 2] In cancer therapy, the targeting and localized delivery of drugs are also key challenges. One promising strategy for overcoming these challenges is to make use of highly luminescent nanoparticles for qualitative or quantitative in vitro detection of tumor cells. [3] [4] [5] [6] [7] [8] Recently, in vivo imaging using single wall carbon nanotubes has also been reported. [9, 10] In the cancer diagnosis and treatment by nanotechnology, it has been critical to develop novel nanostructures that combine multiple functionalities including biocompatibility, fluorescent signaling, drug storage and delivery, and coupling to biological molecules such as DNA/RNA, antibodies, and viruses. In the design of such a complex nanostructure, nanotubes of a variety of materials may serve as ideal substrates, on which multifunctional structures needed for biomedical diagnosis and treatment can be developed. Based on above considerations, we report a novel nanotube surface design ideally suited for this purpose. In contrast to previous studies, this novel nano system was materialized via several unique synthesis routes including plasma surface functionalization. The hollow center of the nanotube can be filled with a cancer treatment drugs. The outer surface of the nanotube is coated with luminescent materials for enhanced optical properties. Although carbon nanotubes are known to have near-infrared emissions, the luminescence intensities are generally too weak for whole-body in vivo imaging. Therefore, intense emissions and tunable wavelengths can only be provided by luminescent materials such as quantum dots (QDs). Compared with other traditional, rare-earth-doped semiconductors [11] and organic fluorophores, [12] QDs have superior properties, including higher quantum yield with a broader emission spectrum than that of rare earth phosphors. In addition, the spectra are much sharper than the emission spectra of organic fluorophores. [3] [4] [5] [6] [7] [8] [9] QDs are semiconducting nanocrystals that possess size-tunable electronic and optical properties resulting from quantum confinement effects. [13, 14] They offer high resistance to photo-bleaching, thus making them attractive materials for optoelectronics [15, 16] and in vivo biosensing applications. [17] After the chemical treatment, the QDs go into the lighter aqueous phase. This ensures the synthesis of water-soluble QDs with functional groups, such as QD-NH 2 and QD-COOH. Due to the chemical inertness of carbon nanotubes, their surface modification must be completed in order to attach the QDs. For instance, the acid oxidation of carbon nanotubes, resulting in the carboxyl groups at the tips and other high defect density sites was one of the effective approaches. [18] The direct covalent functionalization was based on the reaction between carboxyl and amine. In this study a unique plasma coating method was developed in order to generate the carboxyl functional groups on multi-wall carbon nanotubes (MWCNTs-COOH) for covalent coupling to CdSe/ZnS quantum dots. These quantum dots were functionalized with amine (QD-NH 2 ). [19] [20] [21] [22] [23] The coupling procedure to obtain the MWCNTs-QDs heterostructures is illustrated in Figure 1 . The MWCNTs were chosen for their larger inner wall diameters (70-150 nm). This dimension of MWCNTs is particularly suitable for several anti-cancer drugs with comparable molecular sizes. [24] The drug storage study is, however, not included in this experiment, but being carried out in a subsequent investigation currently underway. The toxicity and biocompatibility of carbon nanotubes have been previously studied. [25, 26] After successfully demonstrating the concept of nano-biomarker using MWCNTs, other more biodegradable substrates maybe selected for the same application. A novel surface functionalization method was employed to uniformly deposit ultra-thin films of functional groups on MWCNTs in order to attach luminescent materials on their surfaces. The purpose of in vivo imaging experiments in this research was to demonstrate the feasibility of the quantum dots activated MWCNTs in biomedical diagnosis. The present research is primarily centered on the design of the surface nanostructures, development of luminescent carbon nanotubes, and their corresponding physical properties. Plasma polymerization is a novel and effective method for surface functionalization of nanotubes and nanoparticles. [19] [20] [21] [22] [23] The main principle of the plasma polymerization is that the ionized and excited monomer molecules created by the electrical field bombard and react on the surface of the substrate. These activated molecules may etch, sputter, or deposit on the substrate surface. Due to these characteristics, the plasma technique can be used for polymer surface functionalization on various nanotubes and nanoparticles. The experimental procedures and conditions for plasma surface functionalization and characterization have been previously published. [19] [20] [21] [22] [23] The plasma reactor for surface functionalization consists mainly of a radio-frequency source, the glass vacuum chamber, and pressure gauge. The monomers were introduced from the gas inlet during the plasma polymerization. In this study, acrylic acid (AA) monomer was used for the surface functionalization of the nanotubes. Figure 2 shows the high resolution transmission electron microscopic (HRTEM) images of surface functionalized MWCNTs. An ultrathin AA film of 2 nm can be clearly seen on the outer surface of the nanotube after plasma polymerization (Fig. 2a) . The carbon lattice imaging can also be seen in this figure, which is in contrast to the amorphous AA film. In Figure 2b , similar AA film can be seen, but near the open end of the nanotube. The AA film appears quite uniform covering the outer surface of the nanotube. In Figure 2b , it can be seen that the nanotube has an open end, thus particularly suitable for storage of drugs. The plasma deposited surface films on nanotubes and nanoparticles have been characterized by secondary ion mass spectroscopy and infrared spectroscopy. The surface analysis results are not shown in this study but can be found in ref. [19] [20] [21] [22] [23] .
To study the luminescence behavior of MWCNTs-QDs, fluorescent microscopy was carried out. A drop of MWCNTsQDs suspension was smeared on a glass slide for fluorescent microscopy observed using an Olympus 1X51 with the excitation of 350 nm. The MWCNTs were well below the diffraction-limited resolution of the optical system. Figure 3 shows the fluorescent and transmitted-bright field image of the MWCNTs-QDs sample. The MWCNTs were individually spread across the slide and are labeled with fluorescent QDs over entire surface area. Each nanotube exhibits strong emissions against the dark background, the spectra of which were further analyzed by a laser fluorescent spectrometer.
The laser excitation experiment was completed at room temperature and a Nd:YAG pulse laser at 355 nm was used to "pump" the samples. Figure 4 shows the luminescence spectrum observed at room temperature from the MWCNTs conjugated with CdSe/ZnS. The peak is broad with a maximum around 610 nm. A small red shift is evident in Figure 4 as compared with the emission of pure quantum dots, where the peak intensity is at 600 nm (data not shown here). In comparison with rare earth phosphors, the peak of the QDs luminescence spectrum is similar to the Eu 3+ spectrum, which has emission peaks from 590 to 620 nm, with the strongest peak of the 5 D 0 → 7 F 2 transition near 610 nm. [27, 28] The present results show that the quantum efficiency of the MWCNTs-QDs is much higher than that of the Eu 3+ :Y 2 O 3 -HA. [28] This may be understood based on the parity forbidden f-f transitions in rare earth ions. It was more important in the present study that the QDs luminescence would not be quenched when the MWCNTs-QDs particles were diluted in phosphate-buffered saline (PBS) solution and injected in vivo. This is a significant advantage for biomedical applications. Figure 5a shows a bright-field TEM image of the MWCNTs-QDs. The TEM samples were prepared by dispersing the MWCNTs-QDs suspension directly on holy-carbon films supported with Cu grids. As can be seen in Figure 5 , the quantum dots show a dark contrast and a particle size of 5-10 nm, randomly distributed on the surface of the nanotubes (Fig. 5a ). High-resolution TEM images (Fig. 5b and c) clearly show the crystalline CdSe/ZnS quantum dots deposited on the surfaces of the carbon nanotubes. The interlayer of (002) of the carbon nanotubes are clearly resolved in both HRTEM images. The inset of Figure 5b is the selected area electron diffraction pattern acquired from the surface-functionalized carbon nanotubes. The diffuse diffraction maxima correspond to diffraction from the (002) graphite layer of the carbon nanotubes, and the ring patterns can be indexed to the structures of the CdSe/ZnS quantum dots. The energy dispersive X-ray spectrum acquired from the functionalized carbon nanotubes (Fig. 5d) shows the signals from the CdSe/ZnS quantum dots, consistent with the TEM observations.
As an initial step in exploring potential biological applications of this novel method, the visibility of MWCNTs-QDs was tested in mice. This in vivo imaging test by direct injection was a necessary step before the experiment via intravenous route as obtaining visible images of MWCNTs-QDs in mice has been a challenging task in the past. The 0.01 ml of MWCNTs-QDs (0.5 lg ml -1 in PBS) were injected into anesthetized nude mice and the luminescence was detected by using the Kodak Image Station In-Vivo Imaging System. To excite the emission of MWCNTs-QDs, an epi-UV illuminator was used. This source provided adequate excitation and minimal auto-fluorescence. The mice were placed into a whole-mouse imaging system. The 435 nm excitation light, from a high-intensity lamp with the 10× zoom lens, was directed through the selected excitation filter to the mice. Fluorescence emitted from the quantum dots inside the animal was detected with the CCD camera and digitized to a computer. The mice hypodermic injections including the mid-dorsal and abdomen regions were performed ( Fig. 6a and b) . The images were collected after exposures of 2 minutes. The suspensions of MWCNTs-QDs were diluted by PBS at different concentrations (0.5 lg ml -1 , 0.25 lg ml -1 , 0.125 lg ml -1 , 0.083 lg ml -1 and 0.0625 lg ml -1 ). As an initial in vivo test of the MWCNTs-QDs, 0.01 ml of the suspension was injected into various ventrolateral locations from head to the tail (Fig. 6b) . As can be seen in Figure 6b , the fluorescence intensities correlate directly to the concentrations of the MWCNTs-QDs administered to the mice (Fig. 6b) . For concentrations above 0.125 lg ml -1 , the images all exhibit pronounced fluorescence intensities (location A, B, and C). Even for an extremely low concentration of 0.0625 lg ml -1 (location E), the luminescent image could still be visualized indicating that the MWCNTsQDs can be easily traced in live animals. For a comparative study, we substituted quantum dots of CdSe/ZnS on the nanotubes with InGaP/ZnS which has a considerably longer emission wavelength of 680 nm. All surface functionalization and conjugation procedures applied were the same as described before. Figure 6c is the in vivo image resulting from the InGaP/ZnS quantum dots activated carbon nanotubes. The suspension with the concentration of 0.25 lg ml -1 in PBS was directly injected into liver, kidney, and leg muscles. Figure 6c is the view from the back of the mouse, and the image is much brighter that those obtained from CdSe/ZnS quantum dots with a shorter wavelength. In contrast to images from under-skin injections of MWCNTsQDs as shown in Figure 6a and b, Fig. 6c is the image from the deep tissue injections in targeted organs. These results clearly demonstrate the intense fluorescent signals of MWCNTs-QDs in the entire body. From the data shown in Figure 6 , a conclusion can be drawn that the longer emission wavelength in the near-infrared region is preferable for the diagnosis experiment. Emissions in the visible range below 600 nm can easily overlap with those from the animal bodies as a background noise, resulting in a reduced contrast. However, much longer emissions between 700 nm and 800 nm would be ideal for the diagnostic imaging purposes. Therefore, using the nano surface design described in this study, when combined with multiple wave-length coregistrations, these fluorescent MWCNTs-QDs should be able to probe tumor burdens with anatomical localization and, potentially, selectively deliver drugs into the tumor lesions. In vivo imaging with MWCNTs-QDs of much longer emissions via intravenous route and drug storage experiments are currently underway.
Based on a novel nanostructure design, quantum dots were conjugated onto the outside surfaces of the MWCNTs for the purpose of cancer diagnosis and potential treatment protocols. A unique plasma polymerization method was employed to deposit ultra-thin films of functional groups on the MWCNTs surfaces, with which the quantum dots were effectively conjugated. The MWCNTs-QDs exhibited strong luminescent emissions in the visible light range that were observed in vivo for the first time. It was found that quantum dots with longer wavelengths exhibited much brighter imaging for deep tissue diagnosis. These clear in vivo images obtained from the MWCNTs-QDs indicate that this novel nanoscale design can be used as an effective biomarker for biomedical applications. Hence, these materials may find important applications in the cancer diagnosis and treatment.
Experimental
EviTags 600 CdSe/ZnS quantum dots (emission wavelength of 600 nm) with hydrodynamic diameters of 40 nm were purchased from Evident Technologies. They were functionalized with amine and kept in water with the concentration of 10-12 (nmols ml -1 ). Commercial grade multi-wall carbon nanotubes (MWCNTs) were provided by Applied Science Inc. as substrates in this experiment. These MWCNTs were 70-150 nm in diameter and several micrometers in length. In this experiment, the surfaces of MWCNTs were treated first by superacid (HNO 3 + H 2 SO 4 ). A thin film (< 5 nm) was then deposited by plasma polymerization onto their surfaces in order to provide the carboxyl functional groups. After surface functionalization, the MWCNTs were dispersed into phosphate buffered saline solution (PBS) with a concentration of 35 lmol ml -1 .
To obtain the MWCNTs-QDs heterostructures, the coupling procedure was employed by using stabilizers of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride in the presence of N-hydroxysuccinimide. The reaction was completed in PBS at pH 7.4. The MWCNTs-QDs suspension was incubated at 42°C for 8 hours. The MWCNTs-QDs suspension was cooled to room temperature, centrifuged for 30 min, and rinsed three times with PBS using centrifugation and decantation. The coupled MWCNTs-QDs suspension was filtered through a 3.0 lm teflon membrane and re-suspended in PBS. The ratio of QDs to MWCNTs was kept in the range between 1:1 and 1:4 (volume ratio).
The mice used for in vivo imaging were maintained in a facility approved by the American Association for Accreditation of Laboratory Animal Care and in accordance with current regulations and standards of the U. S. Department of Agriculture, U. S. Department of Health and Human Services, and National Institute of Health. This study was approved by Institutional Anima Use and Care Committee (IACUC) at the University of Cincinnati, OH. 
